The roles of graphene oxide (GO) particle geometry, GO surface orientation, surface roughness, and nanoscale chemical heterogeneity on interaction energies, aggregation, retention, and release of GO in porous media were not fully considered in previous studies. Consequently, mechanisms controlling the environmental fate of GO were incompletely or inaccurately quantified. To overcome this limitation, plate-plate interaction energies were modified to account for these factors and used in conjunction with a mathematical model to interpret the results of GO aggregation, retention, and release studies. Calculations revealed that these factors had a large influence on the predicted interaction energy parameters. Similar to previous literature, the secondary minimum was predicted to dominate on smooth, chemically homogeneous surfaces that were oriented parallel to each other, especially at higher ionic strength (IS). Conversely, shallow primary minimum interactions were sometimes predicted to occur on surfaces with nanoscale roughness and chemical heterogeneity due to adsorbed Ca 2+ ions, especially when the GO particles were oriented perpendicular to the interacting surface. Experimental results were generally consistent with these predictions and indicated that the primary minimum played a major role in GO retention and the secondary minimum contributed to GO release with IS reduction. Cation exchange (Na + replacing Ca
H I G H L I G H T S
• GO interaction depended on GO geometry and orientation, roughness, and adsorbed Ca 2+ .
• GO interacted in a shallow primary minimum under low ionic strength conditions.
• Level arms from roughness and graingrain contacts were important for GO retention.
• A mathematical model interpreted the aggregation, retention, and release of GO.
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Introduction
Graphene oxide (GO) is an oxidized form of graphene-based nanomaterial that contains reactive oxygen functional groups, such as hydroxyl, carbonyl, carboxyl and phenol (Dreyer et al., 2010) . GO has found widespread use in industrial applications because of its excellent electrochemical properties (Zhu et al., 2010) . A number of studies have also investigated the use of GO for pollutant removal in groundwater, surface water, and wastewater He et al., 2018) . However, there is concern about the inevitable release of GO into the environment due to its potential to adversely influence organisms, cells, and ecosystems (Guo and Mei, 2014; Liu et al., 2011) .
A number of physicochemical factors are known to influence the aggregation, transport, retention, and release of GO in porous media (He et al., 2017) . Commonly examined effects of solution chemistry on GO environmental fate include the ionic strength (IS) (Dong et al., 2016; Dong et al., 2017; Fan et al., 2015a; Lanphere et al., 2013; Lanphere et al., 2014; Liu et al., 2013; Qi et al., 2014; Wang et al., 2017a; Wang et al., 2018; Wu et al., 2013b; Xia et al., 2015) and cation type (Fan et al., 2015b; Wang et al., 2017a; Wang et al., 2018; Xia et al., 2015) . An increase in solution IS has been reported to increase GO aggregation and retention in porous media due to the compression of the double layer thickness and charge screening which increases the depth of the secondary minimum (Dong et al., 2016; Lanphere et al., 2013; Liu et al., 2013; Wang et al., 2017a; Wang et al., 2018; Xia et al., 2015) . Divalent cations have been reported to increase GO aggregation and retention due to cation bridging (Fan et al., 2015b; Wang et al., 2018; Wu et al., 2013a; Xia et al., 2015) .
Previous GO transport studies that have conducted interaction energy calculations assumed smooth and chemically homogeneous surfaces to interpret their results (Chowdhury et al., 2014; Dong et al., 2016; Feriancikova and Xu, 2012; Liu et al., 2013; Wang et al., 2017a; Wang et al., 2018; Wu et al., 2013b; Xia et al., 2015) . In this case, GO interactions were mainly attributed to secondary minimum interactions (Dong et al., 2016; Liu et al., 2013; Wang et al., 2017a; Wang et al., 2018; Xia et al., 2015) . A decrease in the solution IS to deionized (DI) water should eliminate the secondary minimum and induce disaggregation or release of retained particles (Shen et al., 2018; Torkzaban and Bradford, 2016; Wang et al., 2017a) . Indeed, release pulses of previously retained GO have been observed in column studies when the IS was reduced to DI water (Dong et al., 2016; Lanphere et al., 2014; Wang et al., 2017a) . However, only a fraction of the retained GO particles was released when the IS was reduced to DI water, especially when GO particles were deposited in the presence of divalent cations (Dong et al., 2016; Wang et al., 2017a ). Interaction energy calculations on smooth, chemically homogeneous surfaces also cannot explain the enhanced GO aggregation and retention in the presence of divalent cations at low IS (Fan et al., 2015b; Wang et al., 2018; Wu et al., 2013a; Xia et al., 2015) , or complete recovery of retained GO following sand excavation (Lanphere et al., 2014; Sun et al., 2015; Wang et al., 2017a) . These observations indicate that other factors were contributing to the GO retention and release besides the secondary minimum.
One potential explanation for these deviations between conventional interaction energy predictions and experimental observations is due to violation of assumptions in these calculations. In particular, nanoscale surface roughness and chemical heterogeneity have been shown to have a large influence on interaction energy parameters (Bendersky and Davis, 2011; Bhattacharjee et al., 1998; Bradford et al., 2017; Bradford and Torkzaban, 2012) . For example, the presence of nanoscale roughness and/or chemical heterogeneity can locally reduce and/or eliminate the energy barrier on electrostatically unfavorable surfaces (Bendersky and Davis, 2011; Bhattacharjee et al., 1998; Bradford and Torkzaban, 2013; Henry et al., 2011; Hoek and Agarwal, 2006; Suresh and Walz, 1996) , and nanoscale roughness can dramatically reduce the depths of the secondary and primary minima, especially when roughness occurs on both surfaces (Bradford et al., 2017; . Shen et al. (2018) demonstrated that spherical colloids could attach in a primary minimum on concave and/or convex surfaces under unfavorable electrostatic conditions, with convex locations being more hydrodynamically favorable. Furthermore, GO requires additional modification to conventional interaction energy calculations to account for its finite plate geometry and orientation with the surface. Wu et al. (2013a) demonstrated that the interaction energy for multi-walled carbon nanotubes was sensitive to its orientation with the interacting surface. Wang et al. (2017a) showed how the plate structure of GO could be accounted for in interaction energy calculations but did not consider the influence of this structure during aggregation or the orientation of the plate with the surface. No studies have considered the role of surface roughness and chemical heterogeneity in conjunction with GO plate geometry and surface orientation. This information is needed to accurately predict the adhesive interactions that contribute to GO aggregation, retention, and release.
The GO input concentration (C o ) can also potentially influence GO aggregation and retention through several different processes that are not fully understood or quantified. For example, an increase in the suspension concentration is expected to increase the frequency of collisions and aggregation (Lee, 1983) , although this effect has not yet been examined for GO suspensions. Conversely, an increase in C o has also been reported to decrease the retention rate coefficient and enhance GO transport because of more rapid filling/blocking of available retention sites (Sun et al., 2015) . Blocking has commonly been observed in GO transport studies (Lanphere et al., 2014; Sun et al., 2015; Wang et al., 2017a) . Aggregating GO suspensions have been associated with increased straining, ripening behavior (a decrease in effluent concentration with continued GO injection), and changes in the particle size distribution during transport. For example, straining is expected to increase with increasing aggregate size, decreasing grain size, and to produce retention profiles with a more hyperexponential shape (Bradford et al., 2003) . Ripening of GO has sometimes been observed to occur under higher IS conditions and in the presence of divalent cations (Lanphere et al., 2014) . The average particle size of GO has been found to increase during transport through porous media, although a smaller GO particle size and more retention was observed in finer textured sand due to an increase in the GO mass transfer to the solid phase (Sun et al., 2015) . However, decreasing GO retention with a decreasing sand size has also been reported and attributed to an increase in hydrodynamic shear force (Wang et al., 2017b) . These conflicting findings indicate that further research is needed to clarify the roles of C o and grain size on GO retention.
The objective of this study is to clarify the mechanisms of aggregation, retention, and release of GO in porous media under various physicochemical conditions, including IS, cation type, C o , and grain size. This data was interpreted using novel interaction energy calculations and an advanced model that considered advection and dispersion transport, first-order retention, blocking or ripening, and transient (IS reduction and cation exchange) release. The interaction energy calculations for GO-GO and GO-sand accounted for the plate geometry of GO, horizontal and vertical orientations of the GO plate with a surface, and nanoscale roughness and chemical heterogeneity on both the solid water interface and GO. These interaction energy calculations, retention and transient release experiments, and retention profiles were used to better infer the mechanisms of GO retention and release. Additional aggregation and transport studies were conducted at different C o and grain sizes to improve our understanding of the influence of concurrent aggregation on time-(blocking or ripening) and depth-dependent (hyperexponential retention profiles) retention, and straining processes. The collected data provides valuable insight into the mechanisms of aggregation, retention, and release of GO and other particles (e.g., clays) with plate structure. This information is important for the assessment of the fate of GO in soil and groundwater environments.
Materials and methods
Solution chemistry and porous media
Electrolyte solutions were made using DI water and NaCl or CaCl 2 (analytical reagent) with various solution IS, i.e., different concentrations of 1, 10, 20, 50, 75, 100, 150, and 200 mM NaCl or 0.10, 0.20, 0.33, 0.40, 0.50, 0.60, 0.70, 0.83, 1.67, 2.50 , and 3.33 mM CaCl 2 . These solutions were unbuffered and the pH ranged from around 7 to 8.
Three sizes of analytically pure quartz sand (Sinopharm Chemical Reagent CO., Ltd., China) were employed in column experiments, with median grain sizes of 1090, 519, or 330 μm. To minimize the trace amount of metal oxides and organic impurities that can occur in quartz sand, purification procedures were conducted before sand column packing (Fan et al., 2015a) . The surface charge characteristics of the purified sand were determined using a ZetaSizer Nano ZS90 (Malvern Instruments, Worcestershire, U.K.) after it had been milled into powders and placed in selected NaCl or CaCl 2 solutions.
GO suspensions
The raw GO suspension (2 g L −1
) was purchased from Carmery Materials Technology Co. Ltd., Shanxi, China. Information on the surface characterization of these GO particles (e.g., AFM, FT-IR, Raman spectra, and XPS) is already provided in the literature (Xia et al., 2017) . The suspension for each experiment was freshly prepared by diluting the raw concentrated GO suspension into a selected NaCl or CaCl 2 solution to achieve an approximate concentration of 5, 10, 50, or 100 mg L −1 GO.
The GO suspension was shaken by hand and then sonicated for 15 min in a sonication bath. The ZetaSizer apparatus was used to measure the hydrodynamic diameter and the zeta potential of GO suspensions. Aggregation experiments were conducted by measuring the hydrodynamic diameter of GO in the suspension every 5 s over a 50 min duration with the ZetaSizer. The aggregation rate and attachment efficiency were calculated using Eqs. (S1)-(S3).
Concentrations of GO were determined using a UV-Vis spectrophotometer (Thermo ScientificTM Evolution 300, U.S.) at a wavelength of 230 nm. GO concentrations were evaluated using a calibration curve between the absorbance and standard solutions (R 2 N 0.9995).
Column experiments
2.3.1. Transport experiments Saturated transport experiments were performed following similar procedures to our previous study (Liang et al., 2013) . In brief, a stainless-steel column with a 3 cm inner diameter and a 12 cm length was wet-packed with quartz sand. The background electrolyte solution (NaCl or CaCl 2 ) and velocity were kept constant in a given transport experiment. The steady-state Darcy velocity of approximately 0.7 cm/min was applied to the column in an up-flow mode using a peristaltic pump. The transport experiment was conducted using the following sequence. The packed column was preconditioned with around 50 pore volumes (PV) of a selected background electrolyte solution. A D 2 O tracer pulse (100 mL) was injected into the column followed by at least 5 PV of the background solution. A 100 mL pulse of the GO suspension was injected into the column, followed by flushing with several PV of the particle-free background solution until the effluent concentration was b0.5% of the input concentration (Phase I). The influent GO suspension was continuously mixed with a magnetic stirrer during GO injection. The column effluent was collected continuously in glass tubes using a fraction collector with 4 mL for each sample. Effluent concentrations of the tracer were quantified by a high-performance liquid chromatography (D-7000 HPLC, High-Technologies Corporation, Japan) with a refractive index detector, whereas the GO concentration was determined using the UV-Vis spectrophotometer. Tracer and GO breakthrough curves (BTCs) were obtained from these effluent concentrations. After recovery of the BTCs, the porous medium in the packed column was carefully excavated in 1 cm increments (12 layers in total) and placed in DI water to release and resuspend GO for concentration measurements. The GO retention profile (RP) was subsequently determined from this information and the measured dry mass of sand in each increment.
Release experiments
Additional experiments were conducted to study the influence of IS reduction and cation exchange on the release of GO following the recovery of the BTC. Determination of the GO BTC followed the same protocol as for the transport experiment (Phase I). After recovery of the GO BTC in various NaCl and CaCl 2 solutions, different solution chemistry elution sequences were applied to deduce the effects of the IS reduction and cation exchange on the release of the retained GO. The GO release by the IS reduction was studied by flushing columns with DI water (Phase II). This is the only release phase that was considered when GO was retained in the presence of the NaCl solution. Conversely, when GO was retained in the presence of CaCl 2 (Phase I) then a series of solution chemistry elution steps was employed in the release phase, namely: DI water (Phase II); NaCl at the same IS as in the retention experiment (Phase III); DI water (Phase IV); 100 mM NaCl (Phase V); and DI water (Phase VI). After completion of the release experiment, the GO RP was determined following the same protocol as for the transport experiments.
Interaction energy calculations
Interaction energy calculations were conducted to better understand mechanisms contributing to GO aggregation, retention, and release under various solution chemistry conditions. In this work, the GO geometry, GO orientation, surface roughness, and nanoscale chemical heterogeneity were considered for interaction energy calculations. Section S2 of the Supporting information (SI) provides details pertaining to these calculations. The dimensionless depths of the primary (Φ 1min ) and secondary (Φ 2min ) minima, and the energy barrier height (Φ bar ) were obtained by analyzing the interaction energy profiles.
Mathematical modeling
Numerical simulations of GO transport experiments were conducted using HYDRUS-1D (Šimůnek et al., 2016) to quantify mechanisms of retention (Phase I), blocking or ripening (Phase I), and transient release (Phases II-VI). Section S3 of the Supporting information describes the modeling approach in detail. Values of the Darcy velocity (q), porosity (θ), bulk density (ρ), and dispersivity (λ) were determined from available experimental information and the D 2 O tracer. Other model parameters were determined by optimization to GO BTCs, RPs, and/or release pulses using the nonlinear least squares fitting routine in HYDRUS-1D (Šimůnek et al., 2016) . The retention rate coefficient (k sw ) was optimized during Phase I, along with the normalized maximum solid phase concentration of deposited GO (S max /C o ) for blocking or the empirical parameter (γ) for ripening. The transient release rate coefficient (k rs ) and the equilibrium release fraction (F eq ) were optimized during Phases II-VI, whereas the fraction of retained GO that was not released (f nr ) was determined from mass balance calculations. Table S1 presents a summary of zeta potentials and hydrodynamic diameters (d p ) for various NaCl (1 to 200 mM) and CaCl 2 (0.10 to 1.67 mM) solution chemistry conditions considered in this work. This information on zeta potential and hydrodynamic diameter is also shown as a function of the solution chemistry in Figs. S1 and S2, respectively. The zeta potential increased from −49.7 to −27.2 mV for sand as the IS increased from 1 to 200 mM NaCl due to the compression of the double layer thickness and charge screening (Torkzaban et al., 2010) . Similarly, the zeta potential of GO increased from −29.3 to −18.7 mV over the IS range of 0 to 200 mM NaCl when the GO concentration was 10 mg L −1
Results and discussion
GO-sand and GO-GO interactions
. Although the change in GO zeta potentials was rather small, it was sufficient to significantly alter values of d p , which increased from around 600 nm to almost 2000 nm (Fig. S2a) .
Small changes in the IS produced much larger changes in zeta potential and d p for CaCl 2 than NaCl (Table S1 , Figs. S1 and S2). In particular, the value of d p increased from 600 to 8000 nm as the CaCl 2 concentration increased from 0.10 to 1.67 mM. In addition to compression of the double layer and charge screening, adsorbed Ca 2+ ions can also produce nanoscale chemical heterogeneity due to charge neutralization or reversal (Grosberg et al., 2002; Roy and Dzombak, 1996) and/or cation bridging . These factors can explain the enhanced sensitivity of d p to CaCl 2 than NaCl. Interaction energy parameters provide additional insight into factors that contribute to GO retention and aggregation. Table S2 summarizes interaction energy parameters for GO with sand or another GO particle for all solution chemistries when GO is oriented parallel to the interacting surface. The energy barrier height (Φ bar ) and the magnitude of the secondary minimum (Φ 2min ) tend to increase with increasing IS. Note that the probability of GO interaction in a primary minimum (Φ 1min ) rapidly goes to 0 as Φ bar becomes greater than around 5.7 . The GO aggregation is therefore only predicted to occur in a strong Φ 1min under low IS conditions (1 mM NaCl and ≤ 0.4 mM CaCl 2 ) because Φ bar is smaller than 5.7, whereas no aggregation is predicted for a higher IS because Φ 2min is zero. This behavior is clearly not consistent with the experimental observations (Figs. S1 and S2). GO interaction with sand is predicted to be dominated by Φ 2min with an increasing IS. Similar conclusions have been reported by other investigators for the parallel orientation of GO (Wu et al., 2013b) . However, these calculations do not consider the potentially significant influence of other GO orientations, GO thickness, nanoscale roughness, and chemical heterogeneity on GO interactions that will be discussed below. Table S3 shows an illustrative example of the influence of the GO thickness (i.e., the GO thickness of 1 or 10 nm) and orientation (parallel and perpendicular) on GO-GO and GO-sand interactions when the IS = 20 mM NaCl. Thicker (layered) GO particles increased the magnitudes of Φ bar and Φ 2min , and the importance of secondary minimum interactions. Conversely, the perpendicular orientation of GO particles with interacting surfaces drastically decreases the magnitudes of Φ bar , Φ 2min , and Φ 1min in comparison to the parallel orientation, and therefore increases the probability of primary in comparison to secondary minimum interactions.
The role of nanoscale roughness on interaction energy calculations was subsequently investigated. Nanoscale roughness is ubiquitous on sand surfaces (Konopinski et al., 2012; Shellenberger and Logan, 2002; Shen et al., 2011) . Table S4 presents interaction energy parameters for GO with sand or another GO particle for all solution chemistries when GO is oriented perpendicular to the interacting surface that has a nanoscale roughness height of 30 nm and a fraction of 0.05 on the sand surface. Table S5 shows similar calculations when the nanoscale roughness of height of 30 nm and a fraction of 0.05 occurs on both surfaces. A perpendicular orientation of GO in conjunction with small amounts of nanoscale roughness drastically decreases the magnitudes of Φ bar , Φ 2min , and Φ 1min and creates primary minimum interactions under all solution chemistry conditions. However, Φ 1min is very shallow and susceptible to diffusive and/or hydrodynamic release only when roughness occurs on both surfaces. It should be mentioned that the perpendicular orientation is the optimum scenario for primary minimum interactions, but that nanoscale roughness will similarly influence Φ bar , Φ 2min , and Φ 1min in the parallel orientation. Furthermore, adsorbed Ca 2+ ions to surfaces can produce nanoscale chemical heterogeneity due to charge neutralization or reversal (Grosberg et al., 2002; Roy and Dzombak, 1996) and/or cation bridging . Such nanoscale charge heterogeneity has been demonstrated to produce primary minimum interactions by lowering Φ bar and increasing the depth of Φ 1min on a relatively smooth surface, but its relative importance decreases on surfaces with small amounts of nanoscale roughness (Bradford et al., 2017; . The above information indicates that GO retention and aggregation will be a strong function of the solution IS, the GO orientation and thickness, the nanoscale roughness on the sand and GO, and the amount of chemical heterogeneity induced by the presence of Ca 2+ ions. Variability in these parameters is expected to produce different strengths and modes of interaction (e.g., a secondary in comparison to the primary minimum) that contribute to GO aggregation, retention, and release. Primary minimum interactions due to nanoscale roughness and perpendicular orientation are expected to be more important at a lower IS and for CaCl 2 experiments. Conversely, both primary and secondary minimum interactions are expected for the NaCl experiments, with secondary minimum playing a larger role at a higher IS.
Aggregation of GO
The GO aggregation behavior was investigated over a 50 min period under different IS and compositions (NaCl and CaCl 2 solutions). Fig. 1a and b present values of d p as a function of the concentration of NaCl and CaCl 2 solutions, respectively. GO suspensions were relatively stable only under 1 mM, 10 mM, and 20 mM NaCl, and 0.10 and 0.20 mM CaCl 2 conditions. Conversely, values of d p gradually increased with time and exhibited fluctuations when concentrations were N20 mM NaCl or 0.2 mM CaCl 2 and became larger with increasing IS and in the presence of CaCl 2 than NaCl.
The GO aggregation behavior presented in Fig. 1a and b was described with the attachment efficiency (α) (Eq. (S3)). The attachment efficiency as a function of the concentration of NaCl and CaCl 2 is also presented graphically in Fig. S3 . It was determined by normalizing the aggregation rate constant (k a ) (Eq. (S2)) obtained in a specific background solution chemistry to the rate constant that was the most favorable for aggregation (k a, fast ) (Chen and Elimelech, 2006; Wu et al., 2013b) . Variations in d p with the solution chemistry in Fig. 1a and b can be attributed to differences in the attachment efficiency, which increases with the IS at a lower concentration for CaCl 2 than NaCl (Fig. S3) . These trends can be explained by interaction energy parameters shown in Tables S2-S5 . In particular, the potential for secondary and primary minimum interactions increases with increasing IS due to compression of the double layer and charge screening. Secondary minimum interactions are expected to be more pronounced for parallel GO configurations, whereas strong primary minimum interactions may sometimes occur for perpendicular GO configurations. These contributions occur at a lower IS in the presence of Ca 2+ ions which induce nanoscale chemical heterogeneity (e.g., local charge neutralization or reversal, and/or cation bridging).
Additional experiments were conducted to investigate the influence of the initial GO suspension concentration on the aggregation behavior. Fig. 1c presents values of d p over a 50 min period as a function of the initial GO suspension concentration in the 50 mM NaCl solution. The value of d p increases with time and the initial GO suspension concentration. Fig. 1c indicates that aggregation rapidly increased with the initial GO suspension concentration. In particular, the average distance between GO particles decreases with increasing suspension concentration and this produces an increased frequency of GO collisions. Consequently, this concentration dependency of aggregation occurs because of differences in the aggregation rate (Baalousha, 2009; Lee, 1983 ).
Transport, retention, and release of GO
This section discusses BTCs and RPs for GO under different IS, cation types, influent GO concentrations, and sand grain sizes. The BTCs are plotted as normalized effluent concentrations (C/C o ) versus pore volumes. The RPs are plotted as normalized solid phase concentrations (S/C o ) as a function of the distance from the column inlet. Some of the figures which present BTCs also include release curves (RCs) under transient solution chemistry conditions. Experimental conditions and the mass balance for each column experiment are summarized in Table 1 . Simulated BTCs, RPs, and RCs are also shown in the figures. Table 2 presents a summary of the fitted model parameters as well as statistical measures of the goodness of fit. , and the IS equal to 1, 20, and 100 mM NaCl during Phase I. An increase in the solution IS led to a significant decrease of GO mobility (the effluent mass balance, M eff , in Table 1 ) and enhanced retention (k sw in Table 2 ) due to the compression of the double layer thickness and charge screening (Dong et al., 2016; Liu et al., 2013; Wang et al., 2017a; Wang et al., 2018; Xia et al., 2015) . Interaction energy parameters reveal that increasing the solution IS increases the depth of the secondary minimum (Table S2 ) and the frequency of primary minimum interactions that may sometimes occur depending on local scale variations in sand surface roughness and the GO orientation (Tables S4 and S5 ). In addition, the value of d p for GO also increased with the solution IS ( Fig. 1) and filtration theory indicates that this will alter the rate of mass transfer to the sand surface; e.g., the minimum in the mass transfer is expected to occur around d p = 1500 nm (Messina et al., 2015) . (Table 2) increase with IS, indicating that more of the solid surface area contributed to GO retention. Conversely, continued injection of GO produced a slight decrease in the effluent concentration of GO when the IS was 100 mM. This behavior was accurately captured (Table 2 ) by the ripening model (Eq. (S19)), although aggregation of GO may also produce this result due to a decrease in the total number of GO particles (Bradford and Leij, 2018) . Table 1 and Fig. 1 clearly demonstrate that GO-GO interactions and aggregation, respectively, occurred in the aqueous phase when the IS = 100 mM. However, aggregation and ripening are related processes that reflect GO-GO interactions in the aqueous phase and the solid phase, respectively. It was not possible to separate these effects from the collected information, but it is logical to anticipate that both aggregation and ripening may be occurring simultaneously. Fig. 2 also shows observed and simulated RCs when the IS during Phase I (1, 20, and 100 mM) was reduced to DI water during Phase II. The effluent mass of GO during Phase II was equal to 1.2, 3.9, and 24.4% when the Phase I IS equaled 1, 20, and 100 mM NaCl, respectively (Table 1 ). This trend of increasing effluent mass with the IS during Phase I reflects differences in the amount of GO retention. Around 16 to 32% of the retained GO was released when the IS was decreased to DI water. The GO release with IS reduction was adequately modeled (Table 2 ) using a release model that considered both equilibrium and kinetic sites (Eqs. S20-S22). GO release with IS reduction may occur due to either elimination of the secondary minimum, and/or a decrease in the energy barrier to detachment from a primary minimum to less than around 5.7 on a nanoscale rough surface (Shen et al., 2018) . Release from a secondary minimum with IS reduction is expected to approach equilibrium conditions (F eq ), whereas release from a primary minimum is expected to be a slower diffusion-controlled process (k rs would become small for deeper minima). Fitted values of F eq and k rs tended to increase and decrease, respectively, with an increase in IS during Phase I. This increase in F eq with IS likely reflects an increasing contribution of secondary minimum interactions (Table S2) . However, the release from both primary and secondary minima apparently occurred during Phase II due to differences in the GO orientation with the surface and the roughness conditions which produced different interaction strengths (Tables S2-S5) .
Ionic strength
Fig. S4a presents observed and simulated GO BTCs when the IS = 1, 50, and 100 mM NaCl and other conditions were the same as in Fig. 2 . S max /C o , the normalized maximum solid phase concentration of deposited nanoparticles; k sw , the retention rate coefficient; F eq , equilibrium release fraction; k rs , the transient release rate coefficient; f nr , the fraction of retained GO that is not released in Phases II to VI; R 2 , Pearson's correlation coefficient. Fig. 2 . Transport, retention and release behavior of graphene oxide in quartz sand. Retention occurred at an ionic strength of 1, 20, and 100 mM NaCl, respectively, whereas release was initiated by eluting with DI water. Other experimental conditions were the same: input concentration, 10 mg L −1 ; grain size, 1090 μm; Darcy velocity, 0.7 cm/min. Tables 1 and 2 provide mass balance results and model parameters for these experiments. The BTCs and trends with IS were fully consistent with those shown in Fig. 2 and demonstrated the reproducibility of the results. Fig. S4b presents observed and simulated RPs for GO following completion of Phase I when the IS = 1, 50, and 100 mM NaCl. Consistent with the BTC information (Fig. 2) , the retained mass of GO in the sand increased with IS (Table 1) . The RPs for the IS = 1 and 50 mM NaCl were generally well described by the blocking model ( Fig. S4b and Table 2 ). Similarly, the ripening model provided a reasonable description of the IS = 100 mM data ( Fig. S4b and Table 2 ), and consistent with experimental observations exhibited greater retention near the sand surface than for the low IS conditions. Table 1 indicates that nearly all of the retained GOs were recovered when determining the RP (the total recovered mass ranged from 102.1 to 106.8%). In contrast, only 16 to 32% of the retained GO were recovered with the RC in Fig. 2 during Phase II. This observation indicates that most of the retained GO following IS reduction were associated with a shallow primary minimum on a rough sand surface (Tables S4 and S5 ), and that level arms from microscopic roughness and grain-grain contacts played an important role in the GO retention (Torkzaban and Bradford, 2016; Zhang et al., 2016) ; e.g., the lever arms are constant during Phases I and II, whereas they randomly vary during determination of the RP. An additional experiment was conducted to further demonstrate the role of pore structure on the GO retention. Fig. S5 shows a replicate of the 100 mM experiment. In this case, the GO release was initiated by reversing the flow direction and keeping the IS = 100 mM. A very large release pulse was observed when the flow was reversed that accounted for 11.9% of the injected GO mass, which confirms the importance of surface straining processes for GO.
Cation type and exchange
Additional experiments were conducted to study the influence of a multivalent cation and cation exchange on GO transport and release, respectively. Fig. 3a presents observed and simulated BTCs for GO in the presence of 0.33, 0.40, 0.83, and 1.67 mM CaCl 2 when using 1090 μm quartz sand, and C o = 10 mg L −1 . Similar to NaCl (Fig. 2) , increasing the CaCl 2 concentration produced an increase in the GO retention due to the compression of the double layer thickness and charge screening. However, CaCl 2 had a much larger influence on the GO retention than NaCl (Fig. 2) , even though its IS was much lower (b5 mM). This can be explained by the greater influence of Ca 2+ than Na + on the zeta potentials of the sand and GO (Fig. S1) , as well as the interaction energies (Tables S2-S5) . Furthermore, Ca 2+ also enhances aggregation ( Fig. 1) and retention (Figs. 2 and 3a) in comparison to Na + due to cation bridging and/or charge neutralization or reversals, which reflect a form of nanoscale chemical heterogeneity (Grosberg et al., 2002; Roy and Dzombak, 1996; Torkzaban et al., 2012) . In comparison to the NaCl experiments (Fig. 2) , the retention of GO in the presence of CaCl 2 is expected to be more dependent on primary minimum interactions (e.g., the depth of the secondary minimum is much smaller at the lower IS b 5 mM) which may occur on rough surfaces and in the presence of nanoscale chemical heterogeneity (Tables S4 and S5) , and on surface straining processes because of larger aggregate sizes (Fig. 1) . The blocking (Eq. (S18)) or ripening (Eq. (S19)) model accurately described the measured GO BTCs (Table 2) . Blocking was only observed in Fig. 3a when the CaCl 2 concentration was 0.33 mM. Conversely, the ripening behavior was observed when the CaCl 2 concentration was 0.40 and 0.83 mM. Furthermore, almost no breakthrough of GO occurred when the CaCl 2 concentration was 1.67 mM. This ripening and complete retention behavior reflect the potential for increasing GO-GO interactions in the liquid phase ( Fig. 1 and S3 ) and on the solid phase with increasing CaCl 2 concentrations.
The RCs shown in Fig. 3a provide additional insight into the mechanisms of GO retention and release. For example, injection of DI water following completion of Phase I (recovery of the BTC), produced a very minor amount of GO release (b1.6%) and this further confirms the lack of secondary and the dominance of primary minimum interactions (Tables S2-S5 ). Two sequences of cation exchange and expansion of the double layer were subsequently initiated by injecting various strengths of the NaCl solution followed by DI water, respectively. The exchange of Ca 2+ on the solid phase increases with increasing injected NaCl concentrations (Bradford and Kim, 2010) . Very little GO release occurred during the injection of the NaCl (1 to 100 mM) solutions (b3%). However, much larger amounts of the GO release occurred following cation exchange in the presence of DI water when the double layer was expanded (as high as 11.2%). This GO release depended on the CaCl 2 concentration during Phase I and the NaCl concentration during the cation exchange phase; e.g., higher CaCl 2 concentrations tended to produce less GO release and higher NaCl concentrations enhanced release. These observations indicate that the strength of the primary minimum interactions, caused in part by Ca 2+ adsorption, can sometimes be reversed by cation exchange and expansion of the double layer. Consistent with primary minimum interactions, the release model indicates a slower release behavior for GO in the presence of CaCl 2 than in NaCl (Fig. 2 ) that was adequately described using the one-site kinetic release model (Eqs. S20-S22 with F eq = 0).
Observed and simulated GO RPs in the CaCl 2 experiments are shown in Fig. 3b following completion of Phase VI. Only limited GO retention occurred when the CaCl 2 concentration during Phase I equaled 0.33 mM, and the RP distribution with depth was nearly uniform. In contrast, the vast majority of the GO retention occurred near the column inlet when the CaCl 2 during Phase I equaled 0.40, 0.83, and 1.67 mM. This hyper-exponential retention was only partially captured by the ripening model (Eq. (S19)) (Table 2) , and this non-exponential behavior reflects the combined influence of enhanced aggregation (Fig. 1 ) and surface straining (Fig. S5 ) in the presence of CaCl 2 (Lanphere et al., 2014) . The GO mass balance was nearly complete after recovery of the BTCs, RCs, and RPs (Table 1) . Similar to the NaCl experiments (Fig. 2) , this indicates that GO was interacting in the presence of a shallow primary minimum and/or the significant influence of lever arms on GO retention (Torkzaban and Bradford, 2016; Zhang et al., 2016) .
Input concentration
Column experiments were conducted to explore the influence of C o on GO transport and retention. Fig. 4 presents observed and simulated BTCs and RPs for C o = 5, 10, 50, and 100 mg L −1 when the IS = 50 mM NaCl and the sand size was 1090 μm. Some evidence of blocking is apparent in the BTCs when C o = 5, 10, and 100 mg L −1 ; e.g., an increasing effluent concentration during GO injection. Furthermore, the blocking model provided a satisfactory description of the BTCs (Table 2 ), although the model under-predicted the RP concentration near the inlet with increasing C o . Blocking is also expected to be a function of C o . In particular, larger values of C o should fill up a fixed number of retention sites more rapidly and produce a higher effluent concentration when a stable, monodispersed suspension is considered (e.g., Leij et al., 2015) . Conversely to this expected behavior for blocking, Fig. 4 shows that the GO effluent mass decreased with increasing C o (Table 1 ). This observation was therefore attributed to the faster aggregation and larger aggregate sizes that occur with increasing C o (Fig. 1c ). An increase in the aggregate size will alter the rate of mass transfer to the solid surface (Messina et al., 2015) , increase the energy barrier and the depth of the secondary minimum (Shen et al., 2007) , and produce more surface straining (Lanphere et al., 2013) . These factors likely explain the deviations between blocking model for experimental RPs at higher values of C o .
Grain size
A sand grain size is another important factor that influences GO transport and retention due to its influence on GO mass transfer to the solid and pore structure geometry. Fig. 5a and b show observed and predicted BTCs and RPs, respectively, for GO when the median sand size equaled 330, 519, and 1090 μm, the IS = 50 mM NaCl, and C o was 10 mg L −1 . Fig. 5c and d show similar information when C o = 100 mg L −1 . The aggregation rate is much slower and the aggregate size is smaller when C o is 10 than 100 mg L −1 (Fig. 1c) . Differences in BTCs and RPs shown in Fig. 5a and b are therefore mainly due to the influence of the GO mass transfer. In particular, the filtration theory predicts that the mass transfer rate to the solid surface increases with a decrease in the median grain size and this produces a higher value of k sw (Table 2 ) and more retention ( Table 1 ). The fitted value of S max /C o also increases with decreasing grain size (Table 2) , and this suggests the presence of more retention sites. The nearly complete mass balance from BTCs and RPs (Table 1) indicates that retained GO was weakly associated with the solid phase either due to shallow secondary or primary minima, and alteration of the lever arms during recovery of the RPs liberated them.
There are similarities and differences in the GO BTCs and RPs in various sands when C o equals 10 ( Fig. 5ab) and 100 ( Fig. 5cd) . Similar to Fig. 5ab, Fig. 5cd show an increase in retention with a decrease in the median sand size due to differences in the GO mass transfer rate. In contrast to Fig. 5ab, Fig. 5cd show a greater amount of retention and more hyper-exponential RPs when C o = 100 mg L −1 . Similar to Fig. 4 these observations were attributed to an increase in the aggregation rate and size with an increase in C o (Fig. 1c) . It is interesting to note that these effects of C o did not have a large influence on the RP shape for the largest 1090 μm median grain size, but had a pronounced influence on the RP shape for smaller 519 and 330 μm grain sizes. This clearly demonstrates that hyper-exponential RPs were more pronounced in smaller sands and at a higher C o . Both of these factors are consistent with physical retention mechanisms, such as surface straining, in producing hyper-exponential RPs.
Conclusions
The aggregation, retention, and release behaviors of GO were investigated under different physicochemical conditions (IS, cation type, C o , and d 50 ). Results indicate that greater GO transport occurred at a lower IS, monovalent in comparison to divalent cations, lower C o , and in the coarser textured sand. Furthermore, reversible GO retention occurred with decreases in IS as a result of the expansion of the double layer and/or cation exchange. Novel interaction energy calculations indicated that GO retention and aggregation would be a strong function of the solution IS, the GO orientation, the roughness of the sand and GO, and the amount of chemical heterogeneity induced by the presence of adsorbed multivalent cations. Secondary minimum interactions increased with an IS, whereas primary minimum interactions occurred at a low IS, especially on rough surfaces and for a perpendicular orientation of GO with the surface. Aggregation and retention of GO were much stronger in the presence of CaCl 2 at a low IS than NaCl at a higher IS, due to cation bridging and/or charge neutralization or reversals which reflect a form of nanoscale chemical heterogeneity. Only a fraction of GO was released when the IS was reduced to DI water. This released fraction decreased when GO was initially deposited in the presence of CaCl 2 but could be enhanced by later cation exchange (Na + displaced Ca 2+ on the solid). This observation indicates that the primary minimum also contributed to GO retention and release and that cation exchange and the IS reduction could alter the strength of this interaction. However, the , respectively. Other experimental conditions were the same: electrolyte, 50 mM NaCl; grain size, 1090 μm; Darcy velocity, 0.7 cm/min. GO mass was completely recovered in the BTCs, RCs, and RPs. These findings indicate that retained GO was mainly captured in a shallow primary minimum on a rough sand surface and that level arms from microscopic roughness and grain-grain contacts played an important role in GO retention, e.g., the level arms acting on retained GO randomly varied when the sand was excavated from the column and then placed in DI water. In addition, the coupled effects of aggregation and straining were shown to be influenced by C o and d 50 , and these processes also altered blocking, ripening, and RP shapes. The main features of these observations were well described by a mathematical model that accounted for blocking, ripening, and release of GO during transient solution chemistry conditions. This information is needed to better understand and predict the interactions, retention, and release of colloids/ nanoparticles, especially particles with plate structure, in natural and engineering applications.
